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A Novel Mutation Avoidance Mechanism
Dependent on S. cerevisiae RAD27
Is Distinct from DNA Mismatch Repair
Daniel X. Tishkoff, Nicole Filosi, Rad27 to be identified was an endonuclease and a 59-39
exonuclease purified either as an activity required forGretchen M. Gaida, and Richard D. Kolodner
Charles A. Dana Division of Human Cancer Genetics synthesis of mature DNA replication products (Ishimi et
al., 1988; Kenny et al., 1988; Goulian et al., 1990; TurchiDana±Farber Cancer Institute
44 Binney Street and Bambara, 1993; Turchi et al., 1994; Waga et al.,
1994a) or as an activity that cleaved branched DNABoston, Massachusetts 02115
Department of Biological Chemistry structures (Harrington and Lieber, 1994a; Harrington
and Lieber, 1994b). This mammalian protein has beenand Molecular Pharmacology
Harvard Medical School called FEN-1, MF-1, and exonuclease IV (Ishimi et al.,
1988; Goulian et al., 1990; Robins et al., 1994; Waga etBoston, Massachusetts 02115
al., 1994a; Harrington and Lieber, 1994b). Biochemical
studies have indicated that it functions in lagging-strand
DNA synthesis in the processing of the 59 ends of Oka-Summary
zaki fragments (Goulian et al., 1990; Robins et al., 1994;
Waga et al., 1994a), and it has been proposed that it mayMutations in the S. cerevisiae RAD27 (also called RTH1
also function in the processing of branched structuresor YKL510) gene result in a strong mutator phenotype.
formed by various DNA repair pathways (Johnson et al.,In this study we show that the majority of the resulting
1995; Wu et al., 1996).mutations have a structure in which sequences rang-
Genetic analysis of S. cerevisiae RAD27 has provening from 5±108 bp flanked by direct repeats of 3±12
to be complex. Strains containing mutations in RAD27bp are duplicated. Such mutations have not been pre-
display a moderate growth defect at 308C; however, atviously detected at high frequency in the mutation
378C the mutant cells have an extreme growth defectspectra of mutator strains. Epistasis analysis indicates
and accumulate in the S phase, apparently owing to athat RAD27 does not play a major role in MSH2-depen-
block in DNA replication (Reagan et al., 1995; Sommersdent mismatch repair. Mutations in RAD27 cause in-
et al., 1995; Vallen and Cross, 1995). rad27 mutants arecreased rates of mitotic crossing over and are lethal
sensitive to killing by ultraviolet irradiation and methylin combination with mutations in RAD51 and RAD52.
methane sulfonate but not g irradiation, and epistasisThese observations suggest that the majority of repli-
analysis indicates that RAD27 is a member of the RAD6cation errors that accumulate in rad27 strains are pro-
epistasis group that functions in DNA damage tolerancecessed by double-strand break repair, while a smaller
(Reagan et al., 1995). Mutations in RAD27 cause a muta-percentage are processed by a mutagenic repair path-
tor phenotype that in one study was shown to be asway. The duplication mutations seen in rad27 mutants
strong as that caused by mutations in MSH2, MLH1,occur both in human tumors and as germline muta-
and PMS1 (Johnson et al., 1995; Reagan et al., 1995;tions in inherited human diseases.
Vallen and Cross, 1995). Double-mutant combinations
of rad27 and either msh2, mlh1, or pms1 showed aIntroduction
small synergistic effect that was interpreted as being
consistent with RAD27 functioning in mismatch repairRecent studies have shown that inherited and acquired
(Johnson et al., 1995). However, the strong mutator phe-mutations in mismatch-repair genes result in an in-
notype caused by rad27 mutations appears to be atcreased mutation rate that appears to underlie both
odds with mechanistic studies suggesting that eukar-inherited cancer susceptibility and the development of
yotic mismatch repair is likely to involve redundantsome sporadic cancers (Eshleman and Markowitz, 1995;
59-to-39 and 39-to-59 exonucleases (Fang and Modrich,Kolodner, 1995; Marra and Boland, 1995; Kolodner,
1993; Modrich and Lahue, 1996) and raises the possibil-1996; Liu et al., 1996; Moslein et al., 1996). These obser-
ity that the rad27 mutator phenotype is primarily due tovations suggest that mutations in other mutator genes
RAD27 functioning in a different DNA repair pathway.also may underlie the development of some cancers
In this study we present a detailed analysis of the rad27and have stimulated an interest in identifying such
mutator phenotype. Our results indicate that RAD27genes. One such candidate gene is the Saccharomyces
functions in a novel mutation-avoidance pathway thatcerevisiae RAD27 gene (also called RTH1 or YKL510).
is distinct from DNA mismatch repair.rad27 mutants display a strong spontaneous mutator
phenotype and show increased rates of microsatellite
instability (Johnson et al., 1995; Reagan et al., 1995; Results
Sommers et al., 1995; Vallen and Cross, 1995), a pheno-
type that has also been seen in some human tumors rad27 Mutants Display a Unique Mutator Phenotype
To gain further insight into the role of RAD27 in mutation(for a review see Eshleman and Markowitz, 1995). The
S. cerevisiaeRAD27 gene product is a member of a large avoidance, themutator phenotype of rad27mutants was
characterized by using three different mutator assaysfamily of endonucleases and exonucleases including
S. pombe Rad2, human XP-G, and S. pombe and S. previously used to study mismatch-repair±defective
mutants (Williamson et al., 1985; Reenan and Kolodner,cerevisiae Exo1 (Szankasi and Smith, 1995; Tishkoff et
al., unpublished data). The first mammalian homolog of 1992; Prolla et al., 1994; Marsischky et al., 1996). These
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Table 1. Mutation Rate Analysis
Mutation Rate
Strain Canr Hom1 Lys1
Wild type RKY2672 2.8 3 1027 (1) 1.0 3 1028 (1) 1.4 3 1028 (1)
rad27 RKY2608 1.8 3 1025 (63) 2.4 3 1027 (24) 6.1 3 1027 (45)
msh2 RKY2605 2.9 3 1026 (10) 5.2 3 1026 (510) 7.6 3 1027 (56)
msh2 rad27 RKY2611 1.5 3 1025 (53) 6.7 3 1026 (670) 2.1 3 1026 (150)
Mutation rates were calculated by the method of the median from experiments using 7 independent cultures (see Experimental Procedures).
Two separate experiments were performed for the msh2 and msh2 rad27 strains; four were performed for the rad27 strain; and five were
performed for the wild-type strain. Rates shown are the averages of these experiments. The numbers in parentheses are the fold inductions
relative to the wild-type value.
assays were a forward mutation rate assay that detects less apparent after continued incubation, possibly be-
cause suppressor mutations were arising in this strongmutations inactivating the argenine permease gene
(Canr mutations) and reversion assays detecting muta- mutator background. Ninety-three percent of spore col-
onies containing both rad27 and msh2 mutations weretions that revert a 4- base insertion in the LYS2 gene
(lys2-Bgl) or that revert a 11 T insertion in a stretch of smaller than typical rad27 spore colonies (19 tetrads
analyzed; 13 of 15 msh2::URA3 rad27::HIS3 spore colo-6 T's in the HOM3 gene (hom3±10). Patch tests (data
not shown) and quantitative rate tests (Table 1) demon- nies were smaller than rad27::HIS3 spore colonies).
Analysis of the msh2 rad27 double mutant indicatedstrated that rad27 mutants had significant increases in
the rate of accumulation of Canr mutations and lys2- that the mutator phenotype was similar to that of the
rad27 single mutant for forward mutation to Canr, similarBgl reversions but caused little increase in the rate of
hom3±10 reversion. In comparison to the effect of msh2 to the msh2 mutant for reversion of hom3±10, and 3-fold
higher than either of the single mutants for reversion ofmutations in these assays, rad27 mutations caused a
somewhat greater increase in the rate of accumulation lys2-Bgl (Table 1). The simplest interpretation of this
complex epistatic relationship is that RAD27 and MSH2of Canr mutations (6-fold higher), a slightly lower rate of
lys2-Bgl reversion (80%), and a significantly lower rate affect different pathways of mutation avoidance.
(4±5%) of hom3±10 reversion. This latter result was strik-
ing because the hom3±10 reversion assay is a sensitive
indicator of defects in MSH2-, MLH1-, or PMS1-depen- Mutation Spectra Data Indicate That MSH2
and RAD27 Function in Different Pathwaysdent mismatch repair (Williamson et al., 1985; Prolla et
al., 1994; Marsischky et al., 1996). The observation that rad27 mutations had little effect in
the hom3±10 reversion assay raised the possibility thatA msh2 rad27 double mutant was constructed to ex-
amine the epistasis relationship between MSH2 and rad27 mutations do not affect MSH2-dependent mis-
match repair. To understand more fully the mutator phe-RAD27. To minimize the possibility of suppressor muta-
tions arising, the double mutant was constructed by notype of rad27 mutants, the spectrum of mutations
that occurred in the different mutator assays was deter-crossing a msh2::URA3 mutant to an isogenic rad27::
HIS3 mutant and dissecting tetrads from the resulting mined in the parental strain and derivatives containing
either a msh2 mutation or a rad27 mutation (Figure 1diploid. The double mutant was viable but it was noted
that a growth defect greater than that seen for rad27 and Table 2). In the case of the msh2 mutant, the Canr
mutations were primarily single-base deletions in shortalone cosegregated with the double-mutant combina-
tion (data not shown), suggesting that RAD27 and MSH2 mononucleotide repeats (85%) or single-base substitu-
tion mutations (15%), and all of the Lys1 and Hom1may affect different processes. This growth defect was
Figure 1. Summary of Lys1 Revertants Arising in rad27 and msh2 Mutants
Independent Lys1 revertants were isolated from rad27 (RKY2608) and msh2 (RKY2605 and RKY2707) mutants, and nucleotides 271±584 of
the LYS2 gene were amplified and sequenced as described in Experimental Procedures. Nucleotide sequence coordinates 362±427 and
461±502 of the coding strand of the lys2-Bgl allele are displayed. The Lys1 mutations arising in the rad27 mutant are displayed above the
lys2-Bgl sequence, and the Lys1 mutations arising in the msh2 mutant are shown below the lys2-Bgl sequence. The nomenclature for mutations
is provided in Table 2. The numbers in parentheses indicate the number of independent times the mutation was observed. A total of 24
mutations in the rad27 background and 22 mutations in the msh2 background were analyzed.
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Table 2. Spectrum of Mutations Observed
Canr Lys1 Hom1
Genotype Type Mutation Occurrence Mutation Occurrence Mutation Occurrence
Wild type Base substitution G → A 3/20
G → T 2/20
G → C 3/20
C → G 2/20
C → A 1/20
C → T 2/20
13/20 (65%) 0/24 (0%) 0/24 (0%)
Frameshift A1 → A0 1/20 G2 → G1 2/24 G3 → G2 1/24
A2 → A1 1/20 A1 → A0 1/24 A1 → A0 2/24
T4 → T3 1/20 A4 → A3 1/24 T7 → T6 18/24
T3 → T4 1/20 A6 → A5 5/24
T4 → T5 1/20 T5 → T4 3/24
C1 → C0 1/24
C2 → C1 3/24
C4 → C3 2/24
5/20 (25%) 18/24 (75%) 21/24 (88%)
Insertion/deletiona 0/20 (0%) 0/24 (0%) 0/24 (0%)
Complexb GCAAATTC 1/20 AAAAAATT 2/24 GTTTTTTTG 1/24
→ GAAAAATGC → AAAAAGT → GCTTTTTG
AGCCG → AACG 1/20 AGTTGT → ATTTT 1/24 AGGGTTTTTTTG 1/24
→ AGGATTTTTTG
GGATACC 1/24 GTTTTTTTGGTTTA 1/24
→ GATAAC → GTTTTTTGGGTTA
GAAAAAATTCAA 1/24
→ GAAAAATTCCA
TGAAAAAATT 1/24
→ TCAAAAAAAAAT
2/20 (10%) 6/24 (25%) 3/24 (12%)
msh2 Base substitution G → T 1/20
C → A 2/20
3/20 (15%) 0/22 (0%) 0/23 (0%)
Frameshift G4 → G3 1/20 A6 → A5 19/22 T7 → T6 23/23
A6 → A5 5/20 C4 → C3 3/22
T3 → T2 1/20
T4 → T3 4/20
T5 → T4 1/20
T6 → T5 2/20
T3 → T4 1/20
T6 → T7 2/20
17/20 (85%) 22/22 (100%) 23/23 (100%)
Insertion/deletion 0/20 (0%) 0/22 (0%) 0/23 (0%)
Complex 0/20 (0%) 0/22 (0%) 0/23 (0%)
rad27 Base substitution 0/22 (0%) 0/24 (0%) 0/20 (0%)
Frameshift G2 → G1 1/24 T7 → T6 20/20
A6 → A5 1/24
C1 → C0 1/24
C4 → C3 2/24
0/22 (0%) 5/24 (21%) 20/20 (100%)
Insertion/deletion I374±378 (5, 4) 1/22 I486±496 (11, 4) 1/24
I1505±1518 (14, 5) 1/22 I384±415 (32, 5) 18/24
I311±328 (18, 7)c 3/22
I1626±1648 (22, 3) 1/22
I380±403(24, 6) 1/22
I405±438 (34, 4) 1/22
I1191±1228 (38, 5) 1/22
I545±584 (40, 5) 1/22
I762±810 (49, 11/12)d 1/22
I431±509 (79, 5) 1/22
I1482±1565 (84, 5) 1/22
I905±989 (85, 3) 1/22
I598±705 (108, 7) 1/22
D380±403 (24, 6) 1/22
16/22 (73%) 19/24 (79%) 0/20 (0%)
Complex TT → CA 4/22
TAGTGTAGTTGGC 1/22
→ TTGTACGTC
(Table 2 Continued)
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Table 2. Continued
Canr Lys1 Hom1
Genotype Type Mutation Occurrence Mutation Occurrence Mutation Occurrence
rad27 Complex ACTGGCGGCATGG 1/22
→ AGGGCAAAAGTG
6/22 (27%) 0/24 (0%) 0/20 (0%)
msh2 rad27 Base substitution ND 0/26 (0%) 0/24 (0%)
Frameshift ND A4 → A3 1/26 T7 → T6 24/24
A6 → A5 14/26
T3 → T2 3/26
C4 → C3 5/26
23/26 (88%) 24/24 (100%)
Insertion/deletion ND I384±415 (32, 5) 3/26
3/26 (12%) 0/24 (0%)
Complex ND 0/26 (0%) 0/24 (0%)
a Insertion/deletion mutations are designated by Ix±y (a, b). x is the nucleotide coordinate of the first nucleotide of the wild-type sequence that
is repeated, and y is the nucleotide coordinate of the last nucleotide that is repeated. The repeated sequence is inserted between wild-type
nucleotide coordinates y and y 1 1. a is the length of the insertion, and b is the length of the associated terminal duplicated sequence. For
Canr mutations, nucleotide coordinates of the wild-type gene are used with the A of the ATG as nucleotide 1. For Lys1 mutations, nucleotide
coordinates of the Lys2-Bgl allele are used with the A of the ATG as nucleotide 1.
b For complex mutations, the first and last nucleotides given are the first nucleotides that are common to both the wild-type and the mutant
sequence on either side of the mutant site. In cases in which the mutation involves or is adjacent to a homopolymeric run, the sequences
have been extended to the first nucleotide on either side of the homopolymeric run.
c The sequence of the upstream flanking repeat is ATTGGTA and the downstream flanking repeat is ATTGGTT. The middle repeat is ATTGGTT
in one mutant isolate and ATTGGTA in the two remaining isolates.
d The sequence of the upstream flanking repeat is GGTGCTGGGGT and the sequence of the downstream flanking repeat is GGTGCCTGGGGT.
ND, not determined.
mutations were single-base deletions in short mono- of the mutations arising in the rad27 mutant were inser-
tion mutations of the same general structure as thosenucleotide repeats. These results were qualitatively the
seen in lys2-Bgl; the only differences were that the Canrsame as previously observed for msh2 mutants with use
mutations were found in a wider variety of locationsof a different strain background(Marsischky et al., 1996).
and that there was greater variation in the length of theThe spectrum of Lys1 reversion mutations arising in
duplicated sequence. Similarly, the mutation event alsothe rad27 mutant strain (Table 2 and Figure 1) showed
resulted in duplication of one copy of a short directthat 79% of the Lys1 revertants were insertion muta-
repeat flanking the duplicated region. The lengths oftions. The most frequent insertion mutation was a dupli-
the short repeated sequence involved in these eventscation of the 32 nucleotides comprising nucleotides
ranged from 3 to12 nucleotides. However, several dupli-384±415 of lys2-Bgl that restored the correct reading
cations were found in which the short flanking repeatsframe. The other insertion mutation was a duplication
were not perfect and contained either base substitutionsof the 11 nucleotides comprising nucleotides 486±496
or small insertions or deletions relative to the other re-of lys2-Bgl that also restored the correct reading frame.
peat. In one case, the flanking duplication was a 7 bpIn both cases the mutation event resulted in the duplica-
sequence in which one of the duplicated sequencestion of one copy of a short direct repeat flanking the
contained a single base substitution, and in anotherduplicated region: in the case of the 32-nucleotide dupli-
case the flanking duplication was a 12 bp sequence incation a 5-base repeated sequence was involved, and
which one of the duplicated sequences contained a 1
in the other case a 4-base repeated sequence was in-
bp deletion. The remaining Canr mutations were a 24
volved. These results were in marked contrast to the
bp deletion resulting from deletion of the sequence be-
results seen in the msh2 mutant in this study and a tween two repeated 6 bp sequences with one copy of
previous study (Marsischky et al., 1996), in which all the repeat or were complex events that appeared to
of the reversions were due to single-base deletions in involve multiple single-base changes (Table 2). These
mononucleotide repeats. results were in marked contrast to the results seen in
The nature of the mutations arising in the lys2-Bgl the msh2 mutant (Table 2); indeed the two Canr mutation
reversion assay is constrained by two features of the spectra did not have any mutation types in common,
LYS2 gene. They can arise only in the 143 bp region providing strong evidence that MSH2 and RAD27 func-
bounded by the upstream and downstream termination tion in different pathways of mutation avoidance.
codons flanking the lys2-Bgl mutation and thus are con- The hom3±10 mutation reverts at a high rate in a msh2
strained by the nature of the sequence in this region. In mutant owing to the deletion of a single T in a run of 7
addition, the protein sequence changes resulting from T's (Tables 1 and 2). In a wild-type strain, reversion
the frameshift mutations must yield an active protein. of hom3±10 occurs at much lower rates and is due to
To analyze the mutations that can arise in a less con- deletion of a single nucleotide in short mononucleotide
strained situation, the sequences of Canr mutations, repeats at or near the hom3±10 mutation (Tables 1 and
which inactivate the 1.8 kb arginine permease gene, 2). The limited number of mutable sites observed sug-
gests that the Hom3 protein does not tolerate muchwere determined. The results (Table 2) showed that 68%
Avoidance of Duplication Mutations
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Figure 2. Qualitative Analysis of Increased
Rates of Mitotic Crossing Over in rad27 Mu-
tants
RAD27/RAD27 (RKY1340) and rad27/rad27
(RKY2718)strains were plated for single colo-
nies on a YPD plate and incubated at 308C
for 7 days and then incubated at room tem-
perature until the red pigment resulting from
the presence of the ade2/ade2 mutations was
most prominent. Crossing over between the
centromere and ADE5/ade5 (see Table 4) fol-
lowed by chromosome segregation produces
ade5/ade5, ade2/ade2 cells that become
white because the ade5 mutation blocks the
formation of the red pigment in ade2 mutants;
thus the appearance of white sectors is indicative of crossing over. Crossing over between the centromere and ADE6/ade6 (Table 4) does
not produce white ade6/ade6, ade2/ade2 cells because such progeny are also cly2-ts/cly2-ts and hence inviable at 308C. Similarly, chromosome
loss does not produce white ade5, ade6, ade2/ade2 cells because these cells are also cly2-ts and hence inviable at 308C. The presence of
numerous white sectors in RKY2718 compared to RKY1340 is indicative of increased mitotic crossing over in rad27/rad27 mutants.
sequence variation in the region altered by the hom3±10 rad27 mutants might have increased rates of recombina-
tion and be lethal in combination with mutations thatmutation. Mutations in RAD27 cause an increase in the
rate of hom3±10 reversion that is only 4.6% the rate of cause recombination defects.
To test the possibility that mutations in RAD27 causehom3±10 reversion seen in a msh2 mutant (Table 1).
Sequence analysis of the mutations causing reversion increased rates of mitotic recombination, rad27/rad27
diploids were constructed in a strain background con-of hom3±10 in the rad27 mutant showed they all were
single-base deletions of the type seen in a msh2 mutant taining markers allowing measurement of several differ-
ent mitotic recombination events (Esposito and Brown,(Table 2; Marsischky et al., 1996). This indicates that
single-base deletions in short mononucleotide repeats 1990; Tishkoff et al., 1994). When the isogenic RAD27/
RAD27 diploid was grown at 308C, all of the coloniescan occur in a rad27 mutant but only at less than 5% the
rate seen in a true mismatch-repair± defective mutant. were red, consistent with the presence of two copies
of chromosome VII and a low rate of mitotic crossingThe spectrum of Lys1 revertants seen in rad27 and
msh2 mutants overlap only to a small extent, allowing over and gene conversion (Figure 2). In contrast, every
colony of the rad27/rad27 diploid had white sectorsthe possibility of examining the epistasis relationship
between MSH2 and RAD27. Analysis of the spectrum consistent with mitotic crossing over between the cen-
tromere and ADE5 (note that white sectors present atof Lys1 mutations observed in the rad27 msh2 double
mutant showed that 12% of the mutations were the 308C cannot be due to chromosome loss or crossing
over between the centromere and ADE6 because of themajor 32 base insertion seen in the rad27 single mutant,
73% of the mutations were the 2A deletion in a 6 A run presence of the cly8-ts allele on the same chromosome
between ade6 and the telomere; see Table 4) (Figure 2).and the 2C deletion in a 4 C run that comprise the major
mutation hotspots seen in the msh2 mutant, while the To quantitate the rate of crossing over between LEU2
and CYH2, we measured the rate of production of Trp1,remaining mutations were single base deletions in short
mononucleotide repeats (Table 2). While the sample size Leu1, Cyhr, white (ade5/ade5) progeny (Table 3). The
results showed that mutation of RAD27 resulted in a 25-in this experiment was small, the mutation spectrum
observed in the double mutant approximated the pre- fold increase in the rate of mitotic crossing over in this
interval. We observed a 5- to 7-fold increase in the ratedicted sum of the mutation spectra of the corresponding
single mutants, taking into account the rate of accumu- of recombination between his7 and lys2 heteroalleles in
the rad27 mutant, an increase that is most likely due tolating mutations in the single mutants (rad27 mutants
accumulate Lys1 mutations at 80% of the rate seen in gene conversion (Table 3). In addition, there was a 30-
fold increase in the rate of single-site conversion atmsh2 mutants; Table 1). These data strongly suggest
that RAD27 and MSH2 function in different mutation CYH2 in the rad27 mutant (Table 3). However, a large
proportion of the latter effect could be due to forwardavoidance pathways.
mutation of CYH2 rather than gene conversion, based
on the high rate of forward mutation observed in rad27Increased Recombination in rad27 Mutants
Most of the mutation events observed in the rad27 mu- mutants (Table 1). These results are consistent with pre-
vious studies that reported increased recombination fre-tant appear to involve homologous interactions between
short direct repeats (Figure 1 and Table 2). Such events quencies in rad27 mutants (Vallen and Cross, 1995).
To determine whether the hyperrecombinogenic phe-could be due to long-range replication slippage errors
that occur as a result of aberrant processing of the 59 notype of rad27 mutants is due to the accumulation of
DNA damage, a rad27 mutant was crossed to isogenicend of Okazaki fragments in rad27 mutants. Alterna-
tively, some type of replication error or damage could rad51 and rad52 mutants. Both rad51 and rad52 muta-
tions cause defects in double-strand break repair, andoccur as a result of aberrant Okazaki fragment pro-
cessing in a rad27 mutant, and this error or damage rad52 strains inaddition display a defect in single-strand
annealing (Petes et al., 1991; Ivanov et al., 1996). In thecould be repaired by recombination resulting in the ob-
served mutations. The latter possibility predicts that rad27 3 rad51 cross (Figure 3), a high degree of spore
Cell
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Table 3. Recombination Rates in rad27 Mutants
Rate
Red White
Leu1 Trp1 Leu1 Trp1
Strain Lys1 (GC) His1 (GC) Cyh2r (SSC) Cyh2r (XO)
RKY1340 (RAD27/RAD27) 3.7 3 1027 4.4 3 1027 4.7 3 1026 1.1 3 1025
RKY2718 (rad27/rad27) 2.7 3 1026 (7.3) 2.3 3 1026 (5.1) 1.4 3 1024 (30) 2.8 3 1024 (25)
Recombination rates were calculated by the method of the median in experiments using 11 independent cultures (see Experimental Procedures).
In brief, liquid cultures grown at 308C in SD 2Leu 2Trp liquid media were streaked onto YPD plates and grown at 308C for 3 days. Two-
milliliter liquid cultures were inoculated with independent colonies about 2.5 mm in diameter and grown overnight at 308C. One hundred±
microliter aliquots of appropriate dilutions were plated onto synthetic complete, SD 2Lys, SD 2His, or SD 2Leu 2Trp cycloheximide media.
Colonies were counted after 3±7 days of incubation at 308C. The numbers in parentheses are the fold induction relative to the wild type value.
GC, gene conversion; SSC, single-site conversion; XO, crossover event.
inviability (31%) was observed compared to the crosses reported the construction of rad27 rad52 double mu-
tants by transformation (Sommers et al., 1995); it is pos-of either rad27 or rad51 to the wild-type strain (5% invia-
ble spores or 5.5% inviable spores, respectively). Similar sible that this conflicting result was due to the selection
of suppressor mutations during the transformation pro-results were observed when rad27 was crossed to a
rad52 strain (32% inviable spores; data not shown). To cedure or to a strain-specific difference.
confirm that the observed spore inviability was due to
lethality of rad27 in combination with either rad51 or
Discussionrad52, the spore clones recovered were genotyped by
replica plating to appropriate media. No rad27 rad51
The data presented here demonstrate that the majoritydouble mutants (29 tetrads analyzed, 0 double-mutant
of mutations arising in a rad27 mutant are duplicationsspore clones found, 29 double-mutant spore clones
resulting from a novel mutagenic process and are notexpected) or rad27 rad52 double mutants (14 tetrads
due to a defect in mismatch repair. The role of Rad27analyzed, 0 double-mutant spore clones found, 14 dou-
and its mammalian homologs in lagging-strand DNAble-mutant spore clones expected) were recovered, in-
synthesis has been relatively well characterized. Rad27dicating that these mutation combinations were not via-
has been implicated in removal of the last ribonucleotideble. Similar results have been obtained in crosses of S.
from Okazaki fragments after RNase H has degradedcerevisiae rad27 mutants to RAD50 pathway mutants
the rest of the RNA primer (Ishimi et al., 1988; Kenny et(L. A. Symington, Columbia Medical School, unpub-
al., 1988; Goulian et al., 1990; Turchi and Bambara, 1993;lished data) and by the unsuccessful generation of S.
Turchi et al., 1994; Harrington and Lieber, 1994a; Wagacerevisiae rad27 rad50 or S. pombe rad2 rhp51 (the S.
et al., 1994a). It has been proposed that Rad27 accom-pombe homologs of Rad27 and Rad51, respectively)
plishes this by either of two pathways: endonucleolyti-double-mutant strains by transformation methods (Mur-
cally, by cleaving the 59 flap structure resulting from DNAray et al., 1994; Reagan et al., 1995). One study has
polymerase, displacing the 59 end of the downstream
Okazaki fragment, or exonucleolytically, by cleaving the
last ribonucleotide and deoxyribonucleotide of the Oka-
zaki fragment (Wu et al., 1996).
Figure 4 illustrates a hypothetical mechanismthat may
account for the generation of duplication mutationsseen
in rad27 mutants, the hyperrecombination phenotype of
rad27 mutants, and the synthetic lethality between
rad27 and rad52 or rad51 mutations. In this hypothesis,
DNA synthesis extending the 39 end of an Okazaki frag-
ment runs into the 59 end of the next Okazaki fragment
and displaces it. Normally this ªflapº is processed by
the 59 endonuclease activity of Rad27 (FEN-1) (Wu et al.,
1996). In the absence of Rad27 there is more extensive
strand displacement synthesis (Figure 4, step a). The
resulting single-stranded region exposed by the dis-
placed flap is likely to be susceptible to breakage (Kuz-
minov, 1995), or, alternatively, it could be cleaved by
an unidentified endonuclease; either case results in a
Figure 3. Synthetic Lethality of Mutations in RAD51 and RAD27
double-strand break with duplicated sequences at each
The strains RKY2617 rad27::HIS3 and RKY2628 rad51::URA3 were end of the break (Figure4, step b).The 59 single-stranded
crossed; the resulting tetrads were dissected on YPD plates (top);
overhang produced would be filled in by the action ofand the spore clones obtained were genotyped for RAD51 (middle)
DNA polymerases (Figure 4, step c) and then processedand RAD27 (bottom) as described in Experimental Procedures. Ge-
notypes: plus, wild-type allele; minus, mutant allele; 0, no growth. by a 59-to-39 exonuclease (Figure 4, step d) (Sugawara
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pairing should occur much more frequently than the
unequal pairing of the short direct repeats, because
these repeats (3±12 bp) are considerably shorter than
the minimum efficient pairing sequence size (Sugawara
and Haber, 1992; Jinks-Robertson et al., 1993). The dou-
ble-strand break could also be repaired by single-strand
annealing recombination (Petes et al., 1991; Ivanov et
al., 1996). This could occur in a nonmutagenic mode by
reannealing of the entire duplicated sequence (Figure
4, step f) or, alternatively, by a mutagenic mode due to
out-of-register reannealing of short repeat sequences
present within the longer duplicated sequence at the
ends of the double-strand break, followed by DNA syn-
thesis to fill in the resulting gaps, producing the types
of mutations seen in rad27 strains (Figure 4, steps g and
h). The same type of mechanism could also produce
the deletion mutation seen. In principal, mutagenic and
nonmutagenic single-strand annealing do not require
the conversion of 59 single-stranded overhangs to 39
single-stranded overhangs (Figure 4, steps c and d); we
propose these steps because studies on HO endonucle-
ase±induced mitotic recombination have indicated that
double-strand breaks are processed to 39 single-
stranded overhangs (Sugawara and Haber, 1992). Our
results do not disprove the possibility that the types of
duplication mutations seen here could be due primarily
to long-range replication slippage (Figure 4, steps i and
j) (Streisinger et al., 1966; Lovett and Feschenko, 1996);
however, this latter hypothesis does not as easily explainFigure 4. Model for the Formation of Duplication Mutations in rad27
the hyperrecombinogenic effect of rad27 mutations orMutants
the lethality of rad27 in combination with rad51 or rad52.A DNA replication fork is illustrated at the top. In this illustration the
Furthermore, since MSH2-dependent mismatch repairclosed circle indicates the initiation site of an Okazaki fragment,
and the small arrow indicates the direction of synthesis by DNA acts on small loops but not loops greater than 31 bp
polymerase. In a recent model for Okazaki fragment maturation, (Tran et al., 1996), a replication slippage mechanism
DNA polymerase extends into the downstream Okazaki fragment would predict that the frequency of small duplication
and displaces it, resulting in a 59 ªflapº structure that is removed by mutations would be increased in the msh2 rad27 double
the endonucleolytic action of Rad27 (FEN-1) . The resulting single-
mutant compared to the rad27 single mutant; this wasstrand break is sealed by the action of DNA ligase and possibly a
not observed (Table 2).DNA polymerase. In the absence of Rad27, extensive displacement
Based on the rate of accumulating Canr mutations insynthesis occurs, resulting in duplication of DNA sequences, possi-
bly containing two short repeated sequences, each indicated by a the rad27 mutant (Table 1), it can be extrapolated that
large arrow (step a). The single-strand gap present on the template the mutation rate per genome is 100- to 1000-fold lower
strand is thought to be susceptible to breakage (step b). The gaps than the rate of potentially lethal events per cell division
present at the ends of the broken DNA molecules would be tem- (one or more such events per cell division are required
plates for DNA polymerase and would be filled in to yield blunt ends
to account for the synthetic lethal phenotype with rad51(step c). Such ends are known to be processed by the action of
or rad52). Double-strand break repair and single-stranda 59-to-39 exonuclease to yield 39 single-stranded ends that are
annealing are defective in rad52 mutants, whereas onlysubstrates for recombination (step d). The resulting 39 single-
stranded ends would likely have three possible fates: classic double- double-strand break repair is defective in rad51 mutants
strand break (DSB) repair (step e), which would not be mutagenic; (Petes et al., 1991; Ivanov et al., 1996). In the rad27
single-strand annealing (SSA) repair (step f), which would not be rad51 double mutant, in which the single-strand anneal-
mutagenic; or, alternately, transient out-of-register pairing at short
ing pathway and the hypothetical mutagenic single-duplicated sequences (step g). Such transiently paired structures
strand annealing pathway should be functional, lethalityare known to be extended by DNA polymerases, which in the present
is observed, suggesting that the levels of single-strandcase would stabilize the duplicated structure and yield the observed
annealing and mutagenic single-strand annealing thatduplication mutations (step h). An alternate mechanism by which
duplication mutations could be formed would be conversion of the occur cannot repair all of the lethal damage. Thus the
extensive displacement synthesis intermediate (step a) to a slip synthetic lethality of mutations in RAD27 and RAD50
mispairing intermediate (step i). The slip mispairing intermediate pathway genes suggests that the majority of the replica-
could then be converted to a duplication mutation by some type of tion errors that occur in rad27 mutants are repaired by
DNA repair or by DNA replication prior to repair (step j).
nonmutagenic double-strand break repair and only a
small fraction of replication errors are repaired by the
and Haber, 1992). The resulting break, containing 39 mutagenic or nonmutagenic single-strand annealing
overhangs, would then be repaired at high efficiency by pathway. The observation that rad27 mutants have a
RAD50-pathway double-strand break repair (Figure 4, slightly abnormal karyotype at the permissive tempera-
step e) (Szostak et al., 1983; Petes et al., 1991). Such ture as assessed by pulse field electrophoresis is con-
sistent with the accumulation of high levels of damage,repair is not likely to bemutagenic because homologous
Cell
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presumably double-strand breaks, in rad27 mutants that occur in mismatch-repair± defective strains such
(Vallen and Cross, 1995). as msh2, pms1, and mlh1. It seems unlikely that rad27
The results presented here indicate that the majority mutations will be found to underlie the same types of
of the mutations that arise in rad27 mutants are not sporadic cancers and inherited cancer susceptibility
due to defects in DNA mismatch repair. This view is in syndromes associated with mismatch-repair defects
contrast to that presented by Johnson et al. (1995), who since the spectrum of target genes inactivated in the
suggested that the increased mutation rate and dinucle- two different mutator backgrounds would probably be
otide repeat instability seen in rad27 mutants were due different. Indeed, several studies have failed to find mu-
to defects in DNA mismatch repair. However, the muta- tations in FEN-1 (the human homolog of RAD27) in such
tions observed in that previous study of rad27 mutants tumors (Risinger et al., 1996; N. Winand and R. D. K.,
could occur by the mechanism that we propose here. unpublished data). It seems more likely that mutations
Indeed, consistent with our observations, most of the in FEN-1 will be associated with the development of
mutations in dinucleotide repeats observed in rad27 mu- tumors having the same type of mutator phenotype as
tants were insertions of one dinucleotide repeat, where- that found in rad27 mutants.
as deletions were the predominant mutation in dinucleo- The major type of insertion mutation seen in rad27
tide repeats in mismatch-repair mutants (Strand et al., mutants involves the duplication of sequences ranging
1993; Johnson et al., 1995). It was suggested that RAD27 from 5 to 108 bp, including the duplication of one copy of
played a specific role in mismatch repair in the correc- the short direct repeats that flank the duplicated region.
tion of inserted dinucleotides; however, that idea seems Such mutations may be associated with many human
inconsistent with the paucity of insertions in dinucleo- genetic diseases, and in fact there have been several
tide repeats in msh2 mutants. In addition, the 3- to 5-fold reports of germline mutations in human diseases with
synergistic effect between rad27 and mutations in a duplication structure like that seen in rad27 mutants.
MSH2, PMS1, and MLH1 observed is consistent with Some relevant examples include recent reports of germ-
mutations in these two groups of genes affecting differ- line mutations causing autosomal recesssive retinitis
ent pathways (Johnson et al., 1995). Our analysis of pigmentosa, lethal junctional epidermolysis bullosa and
the effect of rad27 mutations on hom3±10 reversion familial hypertrophic cardiomyopathy (Bayes et al.,
indicates that rad27 mutations do cause the accumula- 1995; McGrath et al., 1995; Watkins et al., 1995). These
tion of mutations like those that occur in mismatch- reports describe mutations caused by the duplication
repair±defective mutants; however, the rate of accumu- of 71-, 77-, and 18-bp sequences, respectively, in which
lation of such mutations was less than 5% of the rate the mutational event also duplicated one copy of a short
seen in a msh2 mutant. It is thus possible that rad27 perfect or imperfect repeat flanking the duplicated re-
mutations cause a small defect in mismatch repair or, gion. It is probable that these types of germline muta-
alternatively, that these mutations could be due to the
tions are the result of spontaneous mutation events oc-
failure of Rad27 to edit the 59 ends of Okazaki fragments
curring by the same kind of mechanism that occurs at
that are synthesized by the more mutagenic DNA poly-
high frequency in rad27 mutants. These same types
merase a (Thomas et al., 1991). Indeed, it is possible
of duplication mutations have also been reported asthat such editing errors are responsible for the small
somatic mutations of the p53 and APC genes in differentnumber of mutations observed in rad27 mutants that
tumor types; such mutations are a low percentage ofresult from multiple linked single-base changes. Our
all p53 and APC mutations reported, although it hasconclusion that mutations in RAD27 do not cause a
been suggested that these types of p53 mutations maymajor defect in mismatch repair isconsistent with mech-
be underreported (Greenblatt et al., 1996). Although weanistic studies suggesting that eukaryotic mismatch re-
have not analyzed all of the insertion mutations reportedpair is likely to involve redundant 59-to-39 and 39-to-59
in the p53 and APC databases, we have found numerousexonucleases (Fang and Modrich, 1993; Modrich and
examples of duplications ranging from 4 to 80 nucleo-Lahue, 1996); these observations predict that elimina-
tides that show the same type of duplication structuretion of only one exonuclease is unlikely to cause a major
as the mutations seen in rad27 strains (Cottrell et al.,defect in mismatch repair.
1992; Kishimoto et al., 1992; Miyoshi et al., 1992; PowellA number of studies have implicated mutations in
et al., 1992; Jego et al., 1993; Nagase and Nakamura,mismatch-repair genes in both inherited cancer- sus-
1993; Blaszyk et al., 1994; Hamelin et al., 1994; Miyakiceptibility syndromes and the development of sporadic
et al., 1994; Greenblatt et al., 1996). Finally, we observedcancers (Eshleman and Markowitz, 1995; Kolodner,
one 24 bp deletion in the rad27 mutator background in1995; Marra and Boland, 1995; Kolodner, 1996; Liu et
which the deleted sequence was bounded by a 6 bpal., 1996; Moslein et al., 1996). The available data sug-
repeated sequence. Several such deletion mutations in-gest that not all cancers associated with microsatellite
volving short duplicated sequences at each end of ainstability, a mutator phenotype that can be caused by
unique sequence have been reported in the databasesmutations in mismatch-repair genes (Strand et al., 1993),
of p53 and APC somatic mutations (Jego et al., 1993;can actually be accounted for by somatic or germline
Hamelin et al., 1994; Greenblatt et al., 1996). These ob-mutations in known mismatch-repair genes (Katabuchi
servations suggest that spontaneous mutation eventset al., 1995; Liu et al., 1995; Liu et al., 1996; Moslein et
occurring by the type of mechanism that occurs at highal., 1996). This has generated considerable interest in
frequency in rad27 mutants may account for a propor-identifying additional mismatch-repair genes, and the
tion of the natural mutation spectrum. Alternatively, tu-effect of rad27 mutations on dinucleotide repeat insta-
mors containing these duplication and deletion muta-bility has made RAD27 a logical candidate gene. The
tions may have a defect in FEN-1 or another gene inresults presented above demonstrate that rad27 mu-
tants accumulate different types of mutations than those this pathway, resulting in higher rates of accumulation
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Table 4. S. cerevisiae Strains Used in This Study
Strain Genotype
RKY2672 a, his3D200, ura3-52, leu2D1, trp1D63, ade2D1, ade8, hom3-10, lys2DBgl
RKY2605 a, his3D200, ura3-52, leu2D1, trp1D63, ade2D1, ade8, hom3-10, lys2DBgl, msh2::hisG-URA3-hisG
RKY2707 a, his3D200, ura3-52, leu2D1, trp1D63, ade2D1, ade8, hom3-10, lys2DBgl, msh2::hisG
RKY2608 a, his3D200, ura3-52, leu2D1, trp1D63, ade2D1, ade8, hom3-10, lys2DBgl, rad27::URA3
RKY2611 a, his3D200, ura3-52, leu2D1, trp1D63, ade2D1, ade8, hom3-10, lys2DBgl, msh2::hisG-URA3-hisG, rad27::URA3
RKY2664 a, his3D200, ura3-52, trp1D63
RKY2666 a, his3D200, ura3-52, trp1D63
RKY2615 a, his3D200, ura3-52, trp1D63, msh2::hisG-URA3-hisG
RKY2628 a, his3D200, ura3-52, trp1D63, rad51::URA3
RKY2711 a, his3D200, ura3-52, trp1D63, rad52::URA3
RKY2617 a, his3D200, ura3-52, trp1D63, rad27::HIS3
NLBL1 a, ade5 met13-c cyh2r trp5 LEU1 ade6 cly8, lys2-2 tyr1-2 his7-1, ade2-1, ura3-1 CAN1
NLBL3 a, ADE5 met13-d CYH2 TRP5 leu1 ADE6 CLY8, lys2-1 tyr1-2 his7-1, ade2-1, ura3-1 can1r
RKY2623 a, ade5 met13-c cyh2r trp5 LEU1 ade6 cly8, lys2-2 tyr1-2 his7-1, ade2-1, ura3-1 CAN1, rad27::URA3
RKY2624 a, ADE5 met13-d CYH2 TRP5 leu1 ADE6 CLY8, lys2-1 tyr1-2 his7-1, ade2-1, ura3-1 can1, rad27::URA3
RKY1340 a, ADE5 met13-d CYH2 TRP5 leu1 CENVII ADE6 CLY8, lys2-1 tyr1-2 his7-1, ade2-1, ura3-1 can1r
a ade5 met13-c cyh2r trp5 LEU1 CENVII ade6 cly8 lys2-2 tyr1-2 his7-1 ade2-1 ura3-1 CAN1
RKY2718 a, ADE5 met13-d CYH2 TRP5 leu1 CENVII ADE6 CLY8, lys2-1 tyr1-2 his7-1, ade2-1, ura3-1 can1r, rad27::URA3
a ade5 met13-c cyh2r trp5 LEU1 CENVII ade6 cly8 lys2-2 tyr1-2 his7-1 ade2-1 ura3-1 CAN1 rad27::URA3
ATGCCAAGGTGAAGGACCAAAAGAAAGTGGAAAAAGAACCCCCgof such mutations. It is also possible that inherited or
cgcgcctcgttcagaatg); rad51::URA3 26258 (59-GAGCAGACGTAGacquired mutations in FEN-1 or genes in the same path-
TTATTTGTTAAAGGCCTACTAATTTGTTATCGTCATagcggataacaattway may underlie cancers and inherited diseases asso-
tcacacagga) and 26260 (59-AATTGAAAGTAAACCTGTGTAAATAAA
ciated with a mutator phenotype like that seen in rad27 TAGAGACAAGAGACCA AATACcgccagggttttcccagtcacga); rad51::
mutants. The involvement of a mutator phenotype HIS3 26257 (59-GAGCAGACGTAGTTATTTGTTAAAGGCCTACTAA
TTTGTTATCGTCATggcctcctctagtacactc) and 26259 (59-AATTGAAcaused by mutations in FEN-1 or other genes in the
AGTAAACCTGTGTAAATAAATAGAGACAAGAGACCAAATAgcgcgcsame pathway in human diseases is still hypothetical,
ctcgttcagaatg); rad52::URA3 26254 (59-GAAAAGACGAAAAATATbut clearly this hypothesis is testable given the knowl-
AGCGGCGGGCGGGTTACGCGACCGGTATCGAagcggataacaatttcedge of the mutation spectra described here.
acacagga) and 26256 (59-TAATAAATAATGATGCAAATTTTTTATTT
GTTTCGGCCAGGAAGCGTTcgccagggttttcccagtcacga); and rad52::
Experimental Procedures HIS3 26253 (59-GAAAAGACGAAAAATATAGCGGCGGGCGGGTTAC
GCGACCGGTATCGAggcctcctctagtacactc) and 26255 (59-TAAT
General Genetic Methods AAATAATGATGCAAATTTTTTATTTGTTTCGGCCAGGAAGCGTTgc
Yeast complete media (yeast extract±peptone±dextrose [YPD]), gcgcctcgttcagaatg). Note that for URA3 PCR disruptions, the prim-
sporulation media, minimal dropout media, 5-fluoroorotic acid, and ers that amplify the URA3 gene are homologous to the PM53 vector
canavanine media were as previously described (Alani et al., 1994). containing the URA3 gene rather than the URA3 coding sequence
In experiments with strains RKY1340 and RKY2718, minimal media (Manivasakam et al., 1995). RAD27 was disrupted with URA3 using
formulations were those described by Golan and Esposito (1977), plasmid pMRrad27::URA3, graciously supplied by Errol Friedberg,
except that the concentration of cycloheximide that was used was as previously described (Reagan et al., 1995). The MSH2 gene was
2 mg/l. Strains were generally propagated at 308C except for NLBL1, disrupted using the construct msh2::hisG-URA3-hisG present in
which was grown at 248C. Sporulation was also performed at 248C. pRDK351 (Marsischky et al., 1996). The msh2::hisG derivative, where
Transformations were performed by a slight modification of the the URA3 was excised between the recombination of the hisG re-
high-efficiency lithium acetate method (Geitz and Schiestl, 1991). peats, was selected on minimal dropout plates containing 5-fluoro-
Genotyping of transformants was performed both by replica plating orotic acid. The lys2-Bgl allele was introduced using plasmid
onto appropriate minimal media to allow analysis of the presence pSR125 obtained from S. Jinks-Robertson (Steeleand Jinks-Robert-
and absence of specific genetic markers and by polymerase chain son, 1992), and the hom3±10 allele was introduced using plasmid
reaction (PCR) analysis using primer pairs that allowed amplification pK8 constructed in this laboratory by B. Satterberg (Marsischky et
of either the wild-type or mutant allele (Reenan and Kolodner, 1992). al., 1996).
The PCR primers used were as follows: RAD27, rad27:: URA3, and Most of the strains used were isogenic derivatives of S288C that
rad27::HIS3, 25183 (59-TAATTGCAGATCCCCCTAACG) and 24817 were constructed using a series of isogenic strains containing ura3±
(59-AAGAAATGAAGAAAAAGAAACCAG); and MSH2, msh2::hisG, 52, trp1D63, his3D200, leu2D1, ade2D1, and ade8 alleles that were
and msh2::hisG-URA3-hisG, 22491 (59-GCTGGGAAGCTTCTTAGTA provided by Fred Winston (Winston et al., 1995). The versions of this
ATTTTGCTTGGG) and 22509 (59-GCCAAAGACAAGTTCCGCACTCC strain used for mutagenesis experiments were RKY2672, RKY2605,
ATCAAG). The correct disruption of RAD51 and RAD52 strains was RKY2607, RKY2608, and RKY2611 (Table 4). The versions of S288C
verified by patch assay for mutator phenotype and for sensitivity to used for synthetic lethality experiments were RKY2664, RKY2666,
methyl methane sulfonate using YPD plates containing 0.01% RKY2615, RKY2628, RKY2711, and RKY2617 (Table 4). Recombina-
methyl methane sulfonate (Petes et al., 1991). tion analysis was performed using a different previously described
strain background. The parental strains were NLBL1 and NLBL3
Strains (Table 4; Esposito and Brown, 1990). RKY2623 was a rad27::URA3
Mutant alleles were introduced into S. cerevisiae strains as required derivative of NLBL1; RKY2624 was a rad27::URA3 derivative of
using standard gene disruption techniques. In many cases, the mu- NLBL3; and RKY2718 was a diploid constructed by crossing
tations were constructed using a PCR-based method to generate RKY2623 to RKY2624 (Table 4).
a DNA fragment consisting of the HIS3 (or URA3) gene flanked by
DNA from the 59 and 39 ends of the gene to be disrupted (Manivasa- Mutator Analysis
kam et al., 1995). The PCR primers used were as follows (HIS3 Mutation rates were determined by fluctuation analysis by the
and URA3-priming sequences are given in lower-case characters): method of the median (Lea and Coulson, 1948) using seven indepen-
rad27::HIS3 24633 (59-ACAGCATACATTGGAAAGAAATAGGAAACG dent cultures per experiment exactly as previously described (Ree-
nan and Kolodner, 1992; Marsischky et al., 1996). All rates reportedGACACCGGAAGA AAAAAT ggcctcctctagtacactc) and 24634 (59-AT
Cell
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are the average of two to five independent experiments. Mutation lithium acetate transformation of intact yeast cells using single-
stranded nucleic acids as carrier. Yeast 7, 253±263.spectra were determined by DNA sequence analysis of one mutant
per independent culture exactly as previously described (Mar- Goulian, M., Richards, S.H., Heard, C.J., and Bigsby, B.M. (1990).
sischky et al., 1996). The majority of mutants analyzedwere obtained Discontinuous DNA synthesis by purified mammalian proteins. J.
from the plates generated during the fluctuation analysis experi- Biol. Chem. 265, 18461±18471.
ments.
Greenblatt, M.S., Grollman, A.P., and Harris, C.C. (1996). Deletions
and insertions in the p53 tumor suppressor gene in human cancers:
Recombination Analysis confirmation of the DNA polymerase slippage/misalignment model.
Experiments to determine recombination rates were performed es- Cancer Res. 56, 2130±2136.
sentially as previously described using the system developed by
Hamelin, R., Flejou, J.-F., Muzeau, F., Potet, F., Laurent-Puig, P.,Esposito and coworkers (Esposito and Brown, 1990). Recombina-
Fekete, F., and Thomas, G. (1994). TP53 gene mutations and p53tion rates were calculated from experiments using 11 independent
proten immunoreactivity in malignant and premalignant Barrett'scolonies per strain by the method of the median (Lea and Coulson,
esophagus. Gasteroenterology 107, 1012±1018.1948) as previously described (Tishkoff et al., 1991; Tishkoff et al.,
Harrington, J.J., and Lieber, M.R. (1994a). Functional domains within1994). In this analysis, the rates of recombination between his7
FEN-1 and RAD2 define a family of structure-specific endonucle-and lys2 heteroalleles were determined by measuring the rate of
ases: implications for nucleotide excision repair. Genes Dev. 8,formation of His1 and Lys1 progeny, respectively. The rate of cross-
1344±1355.ing over between LEU2 and CYH2 was determined by measuring
the rate of formation of Leu1, Trp1, Cyhr, white (ade5/ade5) progeny, Harrington, J.J., and Lieber, M.R. (1994b). The characterization of
and the rate of single-site conversion (or mutation) at CYH2 was a mammalian DNA structure-specific endonuclease. EMBO J. 13,
determined by measuring the rate of formation of Leu1, Trp1, Cyhr, 1235±1246.
red (ade5/ADE5) progeny.
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